Background: Androgenic compounds have been implicated in induction of endometrial atrophy yet the mechanisms of androgen effects on human endometrium have not been well studied. We hypothesized that androgens may promote their endometrial effects via modulation of progesterone receptor (PR) expression. Methods: Proliferative phase endometrial samples were collected at the time of hysterectomy. We evaluated the effect of the potent androgen 5a-dihydrotestosterone (DHT) on endometrial PR expression by treating human endometrial explants, endometrial stromal cells, and Ishikawa cells with DHT. Ishikawa cells were also treated with DHT + the androgen receptor (AR) blocker flutamide. The PR-B, total PR messenger RNA (mRNA), and PR protein expression were assessed. Expression of cyclin D1 and D2 was checked as markers of cell proliferation. Results: As expected, estradiol induced PR expression in isolated stromal cells, endometrial epithelial cells, and tissue explants. The DHT treatment also resulted in increased PR expression in endometrial explants and Ishikawa cells but not in stromal cells. Further, protein levels of both nuclear PR isoforms (PR-A and PR-B) were induced with the DHT treatment. Although flutamide treatment alone did not affect PR expression, flutamide diminished androgen-induced upregulation of PR in both endometrial explants and Ishikawa cells. Although estradiol induced both cyclin D1 and cyclin D2 mRNA, DHT did not induce these markers of cell proliferation. Conclusion: Androgens may mediate endometrial effects through upregulation of PR gene and protein expression. Endometrial PR upregulation by androgens is mediated, at least in part, through AR.
Introduction
Progesterone induces differentiation of stromal and epithelial cells in the endometrium to produce secretory and decidual changes. Two main nuclear isoforms of progesterone receptor (PR) mediate the genomic effects of progesterone. These 2 receptors, PR-A and PR-B, are produced from a single gene by 2 distinct promoters by translation initiation at 2 alternative sites. The PR-mediated progesterone signaling is antimitogenic in endometrial epithelial cells and, as such, mitigates the trophic effects of estrogen on eutopic normal endometrium and on ectopic implants of endometriosis. 1 Exploiting the effects of progesterone on endometrium, various progestins have been used in the medical management of endometriosis. 2 Nevertheless, several studies indicate that progesterone action is impaired in endometriosis. Previous work has shown that PR-B is lost, PR-A is dramatically downregulated, and truncated PR isoforms are increased in endometriomas. 3, 4 Part of the problem in the management of endometriosis with progestins is that they further downregulate already suppressed PRs in endometrial cells. Hence, progesterone resistance has been hypothesized to play a role in the initiation and the progression of endometriosis. 5 Danazol is an oral derivative of testosterone with weak androgenic properties that suppresses hypothalamic-pituitary-gonadal axis and induces amenorrhea. Importantly, danazol was extremely effective in reducing endometriosisassociated pain but was poorly tolerated due to its androgenic 1 6, 7 There are limited data on the mechanisms of action of danazol and androgens in endometrium and endometriosis.
Androgens have been shown to increase PR expression in breast cancer cells, but it is unknown if similar mechanism exists in human endometrium, which has not been studied utilizing contemporary methodology. 8, 9 The objective of this investigation, therefore, was to test the hypothesis that androgens may promote endometrial effects via the modulation of PR expression. To test this idea, cultured endometrial explants, human endometrial stromal cells (HESCs), and a human endometrial epithelial cell line, Ishikawa cells were used. We primarily utilized the potent androgen 5a-dihydrotestosterone (DHT) in experiments since it does not convert to estrogens or upregulate aromatase expression in endometrium unlike estradiol (E2) or aromatizable androgens such as testosterone and androstenedione. 10 Cell cycle is regulated by the activity of cyclin-dependent kinases (CDKs). A critical point in the cycle progression through G1 phase is modulated by the expression of cyclin D1, which is associated with CDK4. 11 We also studied a proliferation marker from CDK family to compare potential proliferative effects of DHT versus E2.
Materials and Methods

Ishikawa Cell Culture
Ishikawa cells, a well differentiated endometrial carcinoma cell line, 12 were cultured in DMEM/F12 without phenol red media, containing 10% of fetal calf serum, 1% of antibiotic/antimycotic solution, and 0.25% of l-Glutamine (Thermo Fisher Scientific, Waltham, MA). Ishikawa cells were treated with DHT (Sigma-Aldrich, St. Louis, MO; 100 nM), danazol (Sigma-Aldrich, St. Louis, MO; 100 nM), flutamide (Sigma-Aldrich, St. Louis, MO; 1 mM), and 17b E2 (Sigma-Aldrich, St. Louis, MO; 3 nM) for 24 hours. Pure ethanol was used to dissolve all the treatment agents.
Endometrial Explant Cultures
Proliferative phase endometrial samples were collected from 6 women of reproductive age with no evidence of endometriosis or submucosal fibroids, undergoing hysterectomy for benign reasons (eg, pelvic relaxation). The tissue collection protocol was approved by the institutional review board at University of Texas Southwestern Medical Center. Phenol red-free, serum-free DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA) with 1% antibiotic/antimycotic was used in all stages of tissue preparation and explant culture. The tissues obtained were first washed in medium and cut into uniform approximately 2 mm 3 pieces with a sterile scalpel blade. Then 3 to 4 tissue pieces were immediately transferred onto a triangle sieve covered with sterile filter paper in a 6-well plate. Explants were treated and incubated for 24 hours at 37 C in a humidified 95% air-5% CO 2 environment. Thereafter, explants were immediately placed into RNAlater solution (Thermo Fisher Scientific, Waltham, MA) and stored at À80 C. To isolate RNA, tissues were homogenized in TRIzol reagent (Thermo Fisher Scientific, Waltham, MA).
Primary HESC Cultures
Endometrial stromal cells were isolated from tissues obtained from 3 premenopausal women (28-39 years old) using the selection criteria as mentioned above. Briefly, endometrial tissue was minced with a sterile surgical blade and digested in Hank balanced salt solution (Sigma-Aldrich, St. Louis, MO) containing collagenase B (1 mg/mL, 15 U/mg; Roche, Indianapolis, IN), deoxyribonuclease I (0.1 mg/mL, 1500 U/mg; Roche, Indianapolis, IN), penicillin (200 U/mL), and streptomycin (200 mg/mL) for 60 minutes at 37 C with agitation. The dispersed endometrial epithelial and stromal cells were separated by filtration through a 70-mm sterile cell strainer (BD Biosciences, Franklin Lakes, NJ). The filtered stromal cells were cultured in DMEM/F-12 containing fetal bovine serum (10%; Thermo Fisher Scientific, Waltham, MA) and 1% antibiotic/antimycotic (Thermo Fisher Scientific, Waltham, MA) in a 95% air-5% CO 2 environment at 37 C. Cells were subcultured once before initiation of experiments. Consistent with previous investigations, 13, 14 stromal cell purity was assessed as >98% by light microscopy. All experiments were performed in DMEM/F12 phenol red-free, serum-free medium (Sigma-Aldrich, St. Louis, MO) with routine additions of 1% antibiotic/antimycotic.
Treatments included vehicle (ethanol) and DHT (100 nM and 10 nM, dissolved in vehicle) for 24 hours. The final added volume of vehicle itself and all steroids dissolved in the vehicle were 1 mL/mL of serum-free medium (0.001% EtOH).
Quantitative Real-Time Polymerase Chain Reaction
Quantitative real-time polymerase chain reaction was used to determine relative levels of gene expression as described. 10 Briefly, reverse transcription reactions were conducted with 1 mg total RNA in a reaction volume of 20 mL. Each reaction contained 10 mM DTT, 0.5 mM dNTPs, 0.015mg/mL random primers, 40 U RNase inhibitor (Invitrogen #10777-019, Carlsbad, California), and 200 U reverse transcriptase. Reaction conditions were 10 minutes at 23 C, 60 minutes at 42 C, followed by 70 C for 15 minutes. Primer and probe sequences for amplifications were chosen using published complementary DNA sequences and the Primer Express program (Applied Biosystems, Foster City, California). Primers were chosen so that the resulting amplicons would cross an exon junction thereby eliminating false-positive signals from genomic DNA contamination. Taqman probes were used for the detection of PR-B amplicons, whereas SYBR Green was used for GAPDH and total PR ( Table 1) . Primer concentrations were 900 nM. Cycling conditions were 2 minutes at 50 C, followed by 10 minutes at 95 C, then 40 cycles of 15 seconds at 95 C and 1 minute at 60 C. When SYBR Green was used, a preprogrammed dissociation protocol was used after amplification to ensure that all samples exhibited a single amplicon. Levels of messenger RNA (mRNA) were determined using the ddCt method (Applied Biosystems) and expressed relative to an external calibrator present on each plate. Cyclin D1 (CCND1[Hs00765553_m1]) and cyclin D2 (CCND2[Hs00153380_m1]) TaqMan gene expression assays were purchased from Applied Biosystems.
Immunoblotting
Cells were lysed in RIPA buffer (50 mM Tris, 0.15 M NaCl, 0.1% SDS, 0.05% sodium deoxycholate (DOC), 1% Triton X-100, pH ¼ 8.0) with protease inhibitors (Complete Mini, Roche #11836153001), centrifuged 10 minutes at 10 000g, and the supernatant/lysate was used for the Western blots.
Based on the BCA protein assay, 30 mg/lane was loaded onto 4% to 20% polyacrylamide gels. After electrophoretic separation, proteins were transferred to polyvinylidene difluoride (PVDF) membranes overnight at 4 C.
Membranes were blocked with TBST containing 5% nonfat powdered milk for 1 hour at 37 C and incubated with primary antibody of rabbit antihuman PR polyclonal antibody (Thermo Fisher Scientific, Waltham, MA, #RM-9102) 1:500 overnight at 4 C. The immunogen for this antibody was a recombinant peptide for amino acids 412-526 of the human PR thereby recognizing both nuclear PR isoforms. Thereafter, blots were incubated with a secondary antibody (goat antirabbit IgG-HRP conjugate [Bio-Rad, Hercules, CA, #170-6515], 1:10 000 at room temperature for 1 hour). Signals were detected by chemiluminescence using Super-Signal West Femto (Thermo Fisher Scientific, Waltham, MA, #34095).
For loading control calculations, the membrane was subsequently incubated with mouse anti-a-tubulin (Thermo Fisher Scientific, Waltham, MA, #32-2500) followed by a secondary antibody of goat antimouse IgG-HRP conjugate (Bio-Rad, Hercules, CA, #170-6516). Signals were detected by chemiluminescence using SuperSignal West Pico (Thermo Fisher Scientific, Waltham, MA, #34080). The digital enhanced chemiluminescence (ECL) images for quantification were obtained using a Fuji LAS 3000 imaging system. To quantify relative protein amounts, protein band density was calculated with MultiGauge software (Fuji Photo Film Co, Ltd, Tokyo, Japan) and normalized to density of the loading control (atubulin) which was invariant. Each blot was normalized to vehicle controls present on each blot which served as an external standard.
Data Analysis
Data were expressed as mean + standard error of mean. Student t test and 1-way analysis of variance were used as appropriate with P < .05 regarded as statistically significant.
Results
5a-Dihydrotestosterone Induces PR Gene Expression in Dose-and Time-Dependent Manners in Endometrial Epithelial but Not Stromal Cells
We tested the hypothesis that androgens promote endometrial effects by the modulation of PR expression and determined the effects of DHT on endometrial PR expression. The HESCs and a human endometrial epithelial cell line, Ishikawa cells were used as a model for endometrial glandular cells. Although PR mRNA levels were unchanged by DHT treatment in stromal cells ( Figure 1E ), DHT increased mRNA expression of both total PR and PR-B in a dose-and timedependent fashion in Ishikawa cells ( Figure 1A -D). Regarding total PR expression, differences between vehicle versus 10 nM DHT (P < .05) and 10 nM DHT versus 100 nM DHT (P < .05) were significant ( Figure 1A and B ). Using a moderate concentration of 10 nM, DHT increased expression of total and PR-B as early as 6 hours with maximal effects at 48 hours ( Figure 1C and D).
Upregulation of PR mRNA Is Mediated via Androgen Receptor
To clarify whether DHT (100 nM)-induced upregulation of total PR and PR-B in Ishikawa cells is mediated through androgen receptor (AR), 2 approaches were taken. First, we tested whether pretreatment with an AR-specific inhibitor, flutamide blocked DHT-induced activation of PR gene expression. Second, we determined whether a nonaromatizable AR agonist (danazol 100 nM) mimicked DHT-induced effects on these cells. The DHT was more effective in induction of total PR than PR-B (Figure 2A and B) . Importantly, flutamide completely blocked DHT-induced increases in total PR and PR-B mRNA (Figure 2A and B) . Danazol did not increase PR-B or total PR mRNA levels in Ishikawa cells (Figure 2A and B ).
Validation of Findings at Protein Level in Ishikawa Cells
Effects of DHT and flutamide on PR were further validated using immunoblot analysis in Ishikawa cells ( Figure 2C ). An abdominal wall endometrioma in which PR-B and PR-A were highly expressed was used as a positive control. The PR isoforms were poorly expressed in control epithelial cells, but both isoforms were induced dramatically by E2. Importantly, DHT also induced both PR-B and PR-A proteins in these cells. Flutamide alone had no effect, whereas DHT combined with E2 seemed to have synergistic effects, and flutamide inhibited DHT induction of both PR-B and PR-A proteins. Induction of truncated isoforms of PR was noted although function of these truncated isoforms expressed in some hormone-responsive cancers has remained elusive. 15 Quantification of immunoreactive PR proteins (normalized to a-tubulin) in 2 experiments indicated that DHT-induced PR-B 1.9-fold and PR-A 1.4-fold. The DHT treatment augmented E2-induced PR expression by 19% to 30%. Results were identical between 2 blots and in agreement with DHT-induced PR mRNA (Figure 1 ). Thus, immunoblotting was not repeated a third time for statistical analysis. Nevertheless, a type 1 error is acknowledged in interpreting the protein results. 
5a-Dihydrotestosterone Modestly Induces PR mRNA in Human Endometrial Explants
Cultured explants were treated with vehicle versus DHT at 100 nM. E2 (10 nM) treatment was used as a positive control for PR induction. In explants, as expected, E2 induced total PR and PR-B %4-fold. Interestingly, DHT also induced modest, but significant, increased expression of total PR and PR-B mRNA (%2-fold) compared with vehicle-treated controls ( Figure 3A and B). Flutamide blocked DHT-induced PR expression in endometrial explants (Figure 3 ). Only moderate induction of PR with androgens in endometrial explant cultures as compared with Ishikawa cells is likely due to fewer number of epithelial cells relative to nonresponsive stromal cells in these tissues.
5a-Dihydrotestosterone Does Not Induce Cyclin D1 and D2 Expressions
We compared the effects of E2 and DHT on expression of cyclin D1 and D2 as markers of cell proliferation in Ishikawa cells. Although E2 induced both cyclin D1 and D2 mRNA as expected, DHT did not show such effects (Figure 4 ).
Discussion
Per conventional teaching, estrogen receptor (ER) and PR coregulate each other. 5 The ER binds to specific DNA sequencetermed estrogen response elements on PR promoter and thereby increases PR expression. Hence the endometrium has to be primed with estrogen, to respond to progesterone and also induce withdrawal bleeding. Progesterone, on the other hand, downregulates both ER and PR. Estradiol induces endometrial proliferation and angiogenesis acting through ER and mediators like vascular endothelial growth factor and transforming growth factor-a. 16 The potential effects of androgens on endometrium and endometriosis have been elusive. It is known that endometrium expresses AR. 17 There have been various observations on the effects of androgens on endometrium. An earlier study reported the effects for progesterone and testosterone treatment in HESCs in culture focusing mainly on decidualization. 18 The authors reported that "testosterone inhibited PR gene expression with progesterone treatment." It is not clear whether the authors meant progesterone cotreatment or testosterone alone decreased PR expression. Our data suggest that DHT does not influence PR expression in HESC. The differences in results can be explained by the fact that the authors used testosterone treatment on HESCs cultured for a very extended period of up to 9 days. In addition, it is not clear whether the endometrial samples were collected in follicular or luteal phase. It is possible that all these samples were from luteal phase since Noyes criteria for endometrial dating were done for every specimen. The authors also did not treat HESCs with E2 as a positive control for PR expression, and therefore, the proper response of HESCs used in that study cannot be predicted from the results. Hence, it is not known if responses of HESCs in prolonged culture to steroid hormones are similar to those in vivo or cells in short-term primary culture. Nevertheless, in agreement with previous reports, androgens did not increase PR expression in HESCs.
It has been demonstrated that maximal endometrial AR expression can be detected during the follicular phase 19 ; therefore, we utilized only follicular phase samples. A possible explanation why we did not observe PR upregulation with DHT in HESCs is likely related to the inherent differences between endometrial epithelial and stromal compartments. There is no doubt that the transcriptional machinery and chromatin structure differ in stromal cells relative to glandular epithelium. In fact, unlike HESC, it is very challenging to achieve and maintain pure epithelial cell cultures from human endometrium. Thus, in this study, human endometrial explants comprised of both stromal and glandular compartments were utilized to show modest DHTinduced increases in PR expression. Ishikawa cells were simply used as a model for the epithelial component of endometrium showing robust increases in PR expression with DHT treatment. It is well known that Ishikawa cells express AR. 19 Our data, therefore, are compatible with the notion that the component of the human endometrium responsible for increased PR expression with DHT treatment is the glandular epithelium.
As mentioned, danazol was primarily approved for the treatment of endometriosis. 20 As many medical management modalities, danazol's maximum effectiveness is seen when the amenorrhea is induced at high systemic doses that result in bothersome androgenic side effects. 20 Hence, the beneficial effects of danazol, like leuprolide acetate, have been linked to central suppression leading to ovarian suppression. However, one study including patients planned for endometrial ablation and comparing pretreatment with GnRH agonist, leuprolide acetate to danazol concluded that danazol was more effective in assuring the success of endometrial ablation by suppressing endometrial proliferation than leuprolide acetate. 21 It has also been shown that danazol treatment induces marked hypotrophy of endometrial mucosa while treatment with GnRH agonist buserelin results in weakly proliferative or inactive endometrial mucosa. 22 Danazol has been reported to induce endometrial atrophy regardless of the systemic dose used (200-800 mg daily doses). 23 Danazol has also been shown to be effective for endometriosis-associated pain when used via vaginal route at low doses. 24, 25 These studies suggest that danazol may have additional direct effects on endometrium. Considering danazol's androgenic properties, it can be speculated that androgenic properties may play a role in induction of endometrial atrophy with danazol, which has not been studied. Danazol is still considered a weak androgen with some PR agonistic properties, which might confound our results. 26 Therefore, we chose to primarily focus on the effects of the most potent androgen DHT to better define androgen effects on endometrial PR expression while also treating cells with danazol.
Endometriosis is associated with robust inflammatory response via nuclear factor k B (NF-kB) activation as reviewed. 27, 28 In fact, inflammation is accepted to be one of the core elements in pathophysiology, leading to more vascularization, adhesive disease, deep infiltration, pain, organ dysfunction, and perhaps fertility problems. It has been shown in other systems that the NF-kB activation can be suppressed by sole over expression of PR-B since PR-B can be constitutively active. 29 Hence upregulation of PR-B may have antiinflammatory effects. Many of the effects of using progestin suppression in endometriosis-associated pain were linked to both menstrual suppressive properties and anti-inflammatory properties of progestins especially in chronic pelvic pain. The concept of progesterone resistance in endometriosis has been suggested and studied. 5, 30 As mentioned, per conventional knowledge, high-dose progestin use may also lead to downregulation of PRs. Inflammation itself may also lead to perturbations of PR isoform expression in endometriosis as reported. 3, 4 One prospective randomized trial found that the continuous use of combined oral contraceptive pills (OCPs) can be as effective as leuprolide acetate when used in patients with chronic pelvic pain due to endometriosis. 31 This may be due to the fact that ethinylestradiol in combined OCPs may help to enhance the effects of progestins by avoiding PR downregulation. It may also be related to the weak androgenic effects of some progestins used in OCPs. Combined OCPs may not be the best choice for patients with hypertension older than 35 years and those with increased risk for thromboembolism. 32 This in vitro investigation should be considered a pilot proof of concept study to assess the effects of potent androgens on endometrium. The DHT as the most potent AR ligand is produced via local action of 5a-reductase, and it cannot be aromatized further. We have shown that aromatizable androgens, testosterone, and androstenedione induce aromatase expression in endometrium most possibly through conversion to E2. The DHT lacked such an effect and did not induce aromatase in endometrium. 10 Hence DHT was used to test our hypothesis.
In our study, DHT is demonstrated to increase PR expression along with its constitutively active PR-B isoform in human endometrial tissues and cells, and the cellular component that is responsible for PR induction seems to the endometrial glandular/epithelial cells rather than endometrial stroma. This effect can be mediated via AR. Although E2 induces PR expression with increased cell proliferation as evidenced by increased cyclin D1 and D2 expressions, DHT-associated induction of PR was not associated with such an effect. The DHT effects on endometrial glandular and epithelial cells may be of relevance to prevention of endometrial hyperplasia since endometrial stroma is reduced relative to epithelial gland proliferation as the condition advances to endometrial cancer.
Of note, especially total PR mRNA expression was not significantly increased with danazol in Ishikawa cells, and the potential suppressive effect of flutamide cotreatment on total PR expression on danazol exposed cells was not observed (Figure 2A and B) . The DHT and danazol were used in equimolar concentrations. Therefore, danazol, as a weak AR agonist, showed subtle effects on total PR expression. Although, it is believed that, antiandrogens such as cyproterone acetate and flutamide function largely as AR antagonists, they can exhibit partial agonistic properties with ARs and other members of the steroid receptor family. 33 Emerging data indicate that antiandrogens often do not function as silent antagonists and can sometimes lack antagonist actions or even act as partial AR agonists. [34] [35] [36] Perhaps, this context-dependent partial agonistic feature of flutamide becomes more robust when used with another weak androgen agonist danazol, which might explain its failure to antagonize effects of danazol on total PR expression.
Certainly, more mechanistic studies are needed to investigate how PR expression is increased via androgens in human endometrium. To our knowledge, it is not known if PR promoter has androgen response element. Although AR seems to be instrumental in PR induction, the intermediate mediators for such effects are not known and need to be further investigated. It is clear that higher concentrations of DHT is associated with more intense PR expression, and clinically, this finding may bring the same pitfalls as danazol in terms of androgenic side effects, if used systemically. However, PR-inducing effects of strong nonaromatizable AR ligands can be exploited by investigating relevant candidate compounds. If the intermediate mediators are known, candidate compounds may be developed to induce PR expression without intense androgenic side effects. In addition, sequential and short-term use of androgenic compounds along with continuous progestins can be considered to alleviate progesterone resistance while minimizing androgenic side effects in patients with endometriosis who cannot be treated with combined OCPs or who cannot tolerate high-dose progestins.
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